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Temperature dependent magnetic properties of vortices trapped in a lithographically patterned
Permalloy disk were examined. A large residual magnetization at 5 K was observed in hysteresis
curves unlike theoretical prediction. The residual magnetization, coercive field, and initial
susceptibility were found to be dependent on temperature. Escaping from the pinning potential was
facilitated by the increase of temperature, and the pinning temperatureTpin was 9.6 K. The vortex
is effectively pinned at the pinning potential whenT,Tpin . This physical picture is well supported
by the temperature variations of ac susceptibility for the biased dc field. The energy barrier is
probably originated from defects such as the edge and surface roughnesses, and irregular grain





































Submicron-sized ferromagnetic disks with well-defin
geometries have drawn much attention because of their
potentiality for magnetic devices such as magnetic rand
access memory and patterned magnetic media. A magn
phase diagram of Supermalloy disk array has been obta
by measuring the hysteresis curves of the array with a h
sensitive magneto-optical setup.1 The magnetic phase
changes from a single domain state to a magnetic vo
state with the increase in disk diameter or thickness. T
vortex-type magnetization distribution in remanence h
been directly observed with a magnetic force microsco2
and a Lorentz transmission electron microscope.3,4 The mag-
netization reversal governed by vortex displacement, nu
ation, and annihilation processes has been investigated
Permalloy disk arrays with variable diameter a
thickness.5–7 However, the above experiments on the ma
netic disks were carried out at a fixed temperature. It
been reported that the probability of magnetization switch
depends on temperature for the submicron-sized rectan
like shaped thin film.8 Edge roughness of the specimen a
the local anisotropy strength distribution would cause
domain wall pinning at a local energy minimum at low tem
a!Author to whom correspondence should be addressed; electronic
hisashi@maglab.material.tohoku.ac.jp1470021-8979/2002/92(3)/1473/4/$19.00















peratures. The thermal activation energy increases
switching probability with increasing temperature. Ther
fore, the thermal activation effect on the submicron-siz
magnetic structure is not negligible. A microfabricated di
actually has defects such as roughnesses of the edge
surface, which can affect magnetization reversal of the d
In the present study, the pinning effects on the temperat
dependent magnetic properties have been investigated fo
microfabricated Permalloy dot arrays with remanent vor
state.
II. EXPERIMENT
The dot arrays were microfabricated by an electron be
lithography and a lift-off technique on a Si substrate. PM
and ZEP520 positive type resists were spin coated on
substrate and prebaked at 250 °C for 30 min and 180 °C
20 min, respectively, followed by exposure to a high curre
electron beam for patterning disks in the area of 434 mm2.
The designed disk diameter and the disk spacing in the a
were both 1.0mm. 100 nm of Ni80Fe20 was deposited on the
developed patterns by electron beam evaporation. The ge
etry of the disks was observed by scanning electron mic
scope and atomic force microscope~AFM!. The residual
magnetization distribution was determined by using anex
situ magnetic force microscope~MFM!.
il:3 © 2002 American Institute of Physics











































1474 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Shima et al.The magnetization of the Ni80Fe20 disk array was mea
sured by means of superconducting quantum interference
vice ~SQUID! magnetometry. In-plane magnetic fields we
applied up to 700 Oe in the temperature range from 5 to
K. The alternative current~ac! susceptibilities were measure
by a sensitive mutual inductance technique, operating
frequency of 1000 Hz with an amplitude of 10 Oe.
III. RESULTS AND DISCUSSION
Figures 1~a! and 1~b! show the AFM and MFM images
respectively. The diameter is chosen to be;1.0 mm for easy
fabrication of identical disks. From the MFM observatio
the residual magnetic state is found to be a magnetic vor
The vortex core with the out-of-plane magnetization, wh
gives a high contrast MFM image, was observed around
center of the disk. The magnetization curve for a Ni80Fe20
disk with the diameter 1.0mm and the thickness 100 nm wa
numerically calculated, by using the Landau–Lifshitz
Gilbert equation.9,10 The calculated curves exhibit characte
istics of the magnetic vortex state. The abrupt change
magnetization are observed at the vortex nucleation and
nihilation fields. The magnetization in the vicinity of the or
gin shows a linear field dependence, corresponding to
vortex displacement.11 Those characteristics are clearly o
served in the experimental magnetization curves in Figs.~a!
and 2~b!. The vortex state in a soft magnetic submicron-siz
disk is caused by competition between the magnetostatic
exchange energies.12,13 In the calculated magnetic state,
vortex core was observed, which corresponds to the M
images in Fig. 1~b!. In the vicinity of the disk center, the
magnetic moments are directed perpendicular to the
plane because the exchange energy strongly increases
the magnetic moments are in plane. The magnitude of
plane magnetization in remanence is almost zero becaus
vortex has a closure structure when the disk shape is an
circle. Contrary to the calculated micromagnetic results, b
magnetization curves in Fig. 2 exhibit the residual magn
zation. The magnitude of the residual magnetization at 5 K is
about 2531026 ~emu! and is about 60 times as large as th
at 100 K. In Fig. 2~b!, the coercive field indicates the pre
ence of the resistance to the vortex displacement at low t
peratures. The measured residual magnetizationMr in Fig. 3
decreases rapidly with increasing temperature. The solid
in Fig. 3 was obtained by assuming an exponential deca
the residual magnetization against temperature. With incr
ing temperature, the coercive field decreases and the in
susceptibility increases. The vortex is displaced smoo
























whenx0 is large. From the temperature dependence ofMr ,
Hc , and x0 , the presence of an energetic barrier can
expected. The barrier pins the vortex and prevents movin
the disk at low temperatures. The temperature-depen




FIG. 2. Hysteresis curves of Permalloy disks measured at:~a! 100 K and~b!
5 K.
FIG. 3. The temperature dependence of the residual magnetizationMr of






































1475J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Shima et al.with
Mr~T!5M0S 12expS 2 EMkBTD D
and
Hc~T!5H0S 12expS 2 EHkBTD D ,
where kB is the Boltzmann constant. The second terms
Mr(T) andHc(T) stand for the decays of the residual ma
netization and the coercive field due to temperature incre
respectively. The values ofEM and EH are activation ener-
gies for Mr and Hc determined by fitting. The probability
P(T) for the vortex to get over the barrier can be defined
follows:
P~T!5expS 2 Ubarrier~T!VkBT D , ~2!
whereV is an activation volume. The temperature variati
of P(T) is plotted in Fig. 4. The solid curve is the fit of th
data to Eq.~2!. The probability decreases with temperatu
and the pinning temperatureTpin defined asP(Tpin)51/e is
9.6 K. The pinning effect of the barrier belowTpin is strong
to pin the vortex at the site with a minimum local energy, a
then the magnetization distribution is distorted to produ
the residual magnetization. On the other hand, the ther
energy aboveTpin negates the pinning effect, and the the
mally agitated vortex can easily get over the barrier. Mic
fabricated polycrystalline disks have defects such as rou
nesses of their circumference and surface, and g
boundaries. Those defects result in local changes in ma
tostatic and anisotropy energies, bringing about the ene
barrier.
FIG. 4. The temperature dependence of the probability for overcoming













There is additional evidence for the presence of the
rgy barrier. Figure 4 shows the dc field dependence of
real part~a! and the imaginary part~b! of ac permeabilitymac
at 5 and 100 K. The ac field is parallel to the dc field dire
tion. The real part Re(mac) is related to the dc susceptibilit
x0 and the imaginary part Im(mac) explains the energy los
of the system, showing hysteresis which corresponds to
magnetization curve. The value of Re(mac) at a constant tem-
perature decreases with increasing applied field because
additional magnetization is difficult if almost all the mag
netic moments are parallel to the large applied field. T
value of Re(mac) at a constant dc field decreases with te
perature in accord with the temperature dependence ofx0 .
The heavy arrows in Fig. 5~b! indicate the field where
Im(mac) at each temperature rises to the peak. Comparing
curve at 5 K with that at 100 K, the peak at 5 K appears at
about 100 Oe, a lower field than at 100 K. The increase
Im(mac) explains the increase of the energy loss caused
the magnetic moments that cannot follow the ac field
cause of the energy barrier. The peak positions are alm
invariant when the temperature is higher thanTpin . There-
fore, it is reasonable to explain that the peak Im(mac) at 5 K
accounts for the presence of the potential barrier in the d
while the peak at 100 K is caused by the thermally agita
vortex approaching the disk edge. Both the real and ima
nary parts of ac permeability curves measured from rem
e
FIG. 5. The dc field dependence of the real part~ ! and the imaginary part
~b! of ac susceptibility at 5 and 100 K. The heavy arrows correspond to



























1476 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Shima et al.nence to saturation and vice versa cross each other at 0 O
100 K but not at 5 K. These results are explained by the
different remanent states given in Fig. 2~b!, which corre-
spond to two different pinning sites separated by the bar
Since the energy barrier exists, the vortex cannot come b
to the starting point without any thermal energy assist.
the other hand, the thermally activated vortex climbs up
barrier to escape the global energy minimum in the reman
state.
IV. CONCLUSION
The residual magnetization, the coercive field, and
initial susceptibility for microfabricated Permalloy disk
were temperature dependent. The residual magnetization
the coercive field decrease, whereas the initial susceptib
increases, with increasing temperature. These behaviors
explained by considering the pinning of the magnetic vort
Below the pinning temperatureTpin , the vortex is pinned a
the local energy minimum. The thermally activated vort
aboveTpin escapes from the potential.
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